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Highlights 10 

• Flagella have multiple critical roles in bacterial pathogenesis. 11 

• Flagella-mediated chemotaxis-directed motility is critical to reach the site of 12 

pathogenesis. 13 

• Post-motility, flagella also play many other key roles in pathogenesis. 14 

• Examples include mechanosensory response, adhesion, biofilm formation, and secretion. 15 

• Bacteria have also developed different mechanisms to cope with flagella being potent 16 

antigens. 17 

  18 

Abbreviations – type III secretion system (T3SS), enterohemorrhagic Escherichia coli (EHEC), 19 

Salomonella enterica subspecies 1 serovar Typhimurium (S. Typhimurium), enteropathogenic E. 20 

coli (EPEC), enterotoxigenic E. coli (ETEC), pattern-recognition receptors (PRRs), pathogen-21 

associated molecular patterns (PAMPs), Toll-like receptors (TLRs), Nod-like receptor (NLR), 22 

uropathogenic E. coli (UPEC), intracellular bacterial communities (IBCs)23 
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 24 

Abstract 25 

 26 

The bacterial flagellum is an amazingly complex molecular machine with a diversity of roles in 27 

pathogenesis including reaching the optimal host site, colonization or invasion, maintenance at 28 

the infection site, and post-infection dispersal. Multi-megadalton flagellar motors self-assemble 29 

across the cell wall to form a reversible rotary motor that spins a helical propeller – the flagellum 30 

itself – to drive the motility of diverse bacterial pathogens. The flagellar motor responds to the 31 

chemoreceptor system to redirect swimming toward beneficial environments, thus enabling 32 

flagellated pathogens to seek out their site of infection. At their target site, additional roles of 33 

surface swimming and mechanosensing are mediated by flagella to trigger pathogenesis. Yet 34 

while these motility-related functions have long been recognized as virulence factors in bacteria, 35 

many bacteria have capitalized upon flagellar structure and function by adapting it to roles in 36 

other stages of the infection process. Once at their target site, the flagellum can assist adherence 37 

to surfaces, differentiation into biofilms, secretion of effector molecules, further penetration 38 

through tissue structures, or in activating phagocytosis to gain entry into eukaryotic cells. Next, 39 

upon onset of infection, flagellar expression must be adapted to deal with the host’s immune 40 

system defenses, either by reduced or altered expression or by flagellar structural modification. 41 

Finally, after a successful growth phase on or inside a host, dispersal to new infection sites is 42 

often flagellar motility-mediated. Examining examples of all these processes from different 43 

bacterial pathogens, it quickly becomes clear that the flagellum is involved in bacterial 44 

pathogenesis for motility and a whole lot more. 45 

 46 



Page 3 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

3 

 

Graphical abstract  47 

 48 

1.0 Introduction 49 

1.1 Motility, flagella, and pathogenesis 50 

Successful pathogens combine a variety of capabilities that allow entry and replication 51 

within a host, while subverting or evading host defenses (Cross, 2008). A huge advantage to this 52 

end is for a bacterium to be motile - to have the ability to direct its own movement. Bacterial 53 

motility comes in a range of forms, including swimming, swarming, gliding, twitching or 54 

floating, and is generated or augmented by surface appendages such as flagella that rotate, pili 55 

that pull, ‘leg-like’ appendages that ‘walk’ and internal structures that contort (Jarrell and 56 

McBride, 2008). One of the most widespread motility machines in bacteria is the bacterial 57 

flagellum, a helical propeller that is rotated by a reversible rotary motor to confer swimming 58 

motility to cells (Chen et al., 2011; Jarrell and McBride, 2008). Flagellated motility is essential 59 

for full pathogenesis by many bacteria, including but not limited to, Escherichia coli, Salmonella 60 

spp., Bordetella spp., Vibrio cholerae, Helicobacter spp., Campylobacter jejuni, Legionella 61 

pneumophila, Pseudomonas aeruginosa, Borrelia burgdorferi and Treponema spp (Josenhans 62 

and Suerbaum, 2002). And yet while the flagellum was initially thought to contribute to 63 

virulence solely as a motility device, recent research has revealed that flagella play central roles 64 

in many other infection processes such as adhesion, biofilm formation, effector molecule 65 

secretion and immune system modulation (Duan et al., 2013). This review highlights some of 66 

these disparate roles played by bacterial flagella during pathogenesis. 67 

 68 

1.2 The bacterial flagellum – structure, assembly and function 69 
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Bacteria contain many macromolecular machines that carry out metabolic and cellular 70 

processes, maintain cell integrity and generate energy, and few of which are so striking or 71 

complex as the bacterial flagellum (Saier, 2013). Composed of around 30 unique structural 72 

proteins, ranging in copy number from a few to tens of thousands, the complete flagellar 73 

structure can measure up to 60 nm across, 10 µm long and weigh approximately 1 billion Da 74 

(Chen et al., 2011; Morimoto and Minamino, 2014; Saier, 2013). For the interested reader, there 75 

are numerous recent reviews which examine the flagellar structure and assembly process in 76 

detail (Altegoer et al., 2014; Minamino and Imada, 2015; Morimoto and Minamino, 2014; Zhao 77 

et al., 2014).  78 

The flagellar structure is usually described in three parts: the basal body (which contains 79 

the reversible motor that anchors the structure to the membrane), the hook (which extends out 80 

from the top of the basal body and acts as a universal joint) and the filament (which extends 81 

many cell body lengths from the hook and, when rotated, forms the helical propeller) (Figure 1). 82 

Flagellar self-assembly is a multi-stage hierarchical process that starts with coordinated assembly 83 

of the flagellar type III secretion system (T3SS) (homologous to the T3SS core of the needle-like 84 

injectisome structure (Abby and Rocha, 2012; Egan et al., 2014)), the MS-ring in the 85 

cytoplasmic membrane and the C-ring at its cytoplasmic face (Li and Sourjik, 2011, Morimoto et 86 

al., 2014). The MS- and C-rings begin by forming a scaffold for the assembly of the cytoplasmic 87 

components of the flagellar T3SS (Abrusci et al., 2013; Hu et al., 2015). The peptidoglycan-88 

spanning P-ring and lipopolysaccharide-spanning L-ring (in Gram-negative bacteria) assemble in 89 

association with the T3SS, providing channels through which the axial components of the 90 

flagellum can assemble and rotate. The active flagellar T3SS then recruits, unfolds, and exports 91 

proteins through the hollow core of the growing axial structure to assemble the periplasm-92 
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spanning rod, the flagellar hook, and the flagellar filament at the distal tip in precisely 93 

coordinated order (Minamino, 2014). While the rod and hook are of determinate lengths, the 94 

filament extends to multiple microns in length. 95 

The basal body of the flagellum includes the motor that powers rotation. Transmembrane 96 

protein complexes, known as stator complexes, transduce energy from the flow of ions (either 97 

protons or sodium) across the inner membrane to induce conformational changes that exert 98 

torque on the cytoplasmic C-ring, which is in turn coupled to the rod, hook, and filament. The 99 

propulsive force generated by this rotation results in swimming at a range of speeds, from 25-35 100 

µm/s for Escherichia coli (Lowe et al., 1987) to 160 µm/s for Bdellovibrio bacteriovorus 101 

(Lambert et al., 2006). The range of speeds is most likely based on many factors, including cell 102 

shape (Young, 2006), motor energy source (Asai et al., 2003) and a widespread structural 103 

diversity in flagellar motors across the bacteria (Chen et al., 2011). The balance between motor 104 

torque and speed has been studied in several systems and appears to be optimized for higher 105 

power or greater efficiency, based on the cell’s energetics (Chen and Berg, 2000; Li and Tang, 106 

2006; Sowa et al., 2003). 107 

 108 

1.3 The flagellum plays roles throughout infection 109 

Although the specifics vary between pathogens, flagella are involved throughout the 110 

infection cycle. The pathogenic cycle can be broken down into four stages: reaching the 111 

host/target site; colonization or invasion; growth and maintenance; and dispersal to new hosts. 112 

Flagella play roles at every step in a diversity of pathogens, either by facilitating motility or 113 

fulfilling other roles. Each of these stages are discussed in detail below and additional 114 

information and examples can be found in the literature (Duan et al., 2013; Guerry, 2007; 115 
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Josenhans and Suerbaum, 2002; Moens and Vanderleyden, 1996). The widespread occurrence of 116 

flagella across all bacteria (including the majority of environmental species (Chen et al., 2011)), 117 

the disparity of roles played between different pathogens, and the likely pre-dating of flagella 118 

relative to the emergence of eukaryotes, combine to suggest that flagella are not pathogenesis 119 

organelles per se, but rather have been co-opted to assist the needs of various pathogens in 120 

numerous ways to enable full colonization of specific pathogenic environmental niches. This co-121 

option can therefore be seen as one facet of the adaptive radiation of this fascinating molecular 122 

machine. 123 

 124 

2.0 Flagella enable bacteria to swim to the host/target site 125 

For pathogenesis, a bacterium must first find a site for infection, a task greatly facilitated 126 

by flagellated motility. In three dimensional space, a bacterium is very small compared to many 127 

of the hosts or external environments it finds itself in, making a diffusion-based search far from 128 

optimal. The first advantage that flagellated bacteria have over aflagellate bacteria is their ability 129 

to actively search their environment instead of relying on Brownian motion. Moreover, bacteria 130 

have evolved chemoreceptor systems in conjunction with their flagella to sense their 131 

environment and move in favourable directions (chemotaxis and directed swimming), to stay 132 

swimming at surfaces where receptors or favourable niches are more likely to be encountered 133 

(near surface swimming), and to sense when they have reached a desirable location and trigger 134 

changes to remain there (mechanosensing) (Figure 2). 135 

  136 

2.1 Chemotaxis: the navigator directing flagellar motility 137 
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Chemotaxis is the process by which bacteria sense their environment and direct their 138 

movement (Figure 2a). This phenomenon, in which bacteria actively govern the net direction of 139 

movement so as to approach attractants and avoid repellents, was first recognized in the 1880s, 140 

and quantitative investigation began as early as the 1960s (Adler, 1966; Eisenbach, 2011). 141 

Methyl-accepting chemoreceptor proteins form large co-operative arrays that use an elegant 142 

adaptation system to increase the level of phosphorylated signalling protein CheY when traveling 143 

towards a repellent or away from an attractant (Briegel et al., 2012). In E. coli, phosphorylated 144 

CheY triggers a switch from a linear swim to a randomized tumble and reorientation by 145 

interacting with the flagellar C-ring to switch rotation from counterclockwise to clockwise. This 146 

behaviour results in more frequent tumbling events when proceeding in unfavorable directions. 147 

Conversely, low levels of phosphorylated CheY allow the flagellar motor to run in a 148 

counterclockwise fashion uninterrupted, lengthening runs of swimming towards favorable 149 

directions.  Attractant and repellent stimuli are now known to extend beyond chemicals 150 

(chemotaxis), and include other stimuli that may be important for directed motility of pathogens, 151 

including light (phototaxis), moving fluids (rhenotaxis), osmolarity (osmotaxis), temperature 152 

(thermotaxis) and touch (thigmotaxis) (Eisenbach, 2011). The chemoreceptor system is well 153 

understood and extensively reviewed in the literature in general and for specific model 154 

organisms (Boyd and Simon, 1982; Eisenbach, 2011; Lertsethtakarn et al., 2011; Stocker and 155 

Seymour, 2012; Wadhams and Armitage, 2004). 156 

For animal pathogens, the interaction between motility and chemotaxis directs 157 

colonization of organisms at their preferred host sites. Pathogens such as Helicobacter pylori and 158 

Campylobacter jejuni prefer to colonize mucus layers in the mammalian gastrointestinal tract. 159 

Chemotaxis allows H. pylori to preferentially colonize sites of gastric (stomach) injury (Aihara et 160 
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al., 2014) while chemoattractants such as mucins and glycoproteins, which are the primary 161 

constituent of mucus, lead C. jejuni to colonize the mucus-filled crypts in the intestine (Bolton, 162 

2015). Other pathogens target tissue sites, with Salmonella spp. appearing to actively move 163 

through the mucus layer in a chemotactic manner towards the intestinal epithelium in order to 164 

inject effector proteins into host cells, making chemotaxis required for efficient colonization of 165 

the intestine in murine models (Stecher et al., 2004). Chemotaxis in Vibrio cholera also guides 166 

the bacteria to its preferential site of infection in the intestinal epithelium of the predominantly 167 

lower half of the small intestine, corresponding approximately to the lower jejunum and ileum. 168 

Interestingly however, in the absence of chemotaxis, V. cholera is capable of colonizing the 169 

entire length of the small intestine equally well and with a 10-fold decrease in infectious dose 170 

required (Boin et al., 2004; Butler and Camilli, 2005, 2004). Research into this unusual 171 

chemotaxic-deficient V. chloera phenotype showed that both chemotaxic and non-chemotaxic 172 

strains begin colonizing the upper half of the intestine the same way, but that chemotaxis-173 

competent strains were attracted to the deep intervillous spaces of the intestine where they were 174 

cleared from the host by an unknown antibacterial mechanism (Freter and O’Brien, 1981). The 175 

non-chemotactic strains remained in the upper mucus gel in the upper small intestine where they 176 

likely avoid this host mechanism (Freter and O’Brien, 1981). These examples illustrate how 177 

chemotaxis can direct, and sometimes limit, the search and spreading space of a pathogen.  178 

Chemotaxis is also relevant for plant pathogens. Chemotaxis is needed for the soil-borne 179 

plant pathogens Agrobacterium tumefaciens (Hawes and Smith, 1989; Merritt et al., 2007) and 180 

Ralstonia solanacearum (Yao and Allen, 2007, 2006) to find the correct host plant roots in their 181 

soil environments. Similarly, the plant leaf pathogen Pseudomonas syringae uses flagellar 182 

motility and chemotaxis for successful formation of infections on leaf surfaces (Yu et al., 2013). 183 
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Regardless if the host is plant or animal, being able to couple environmental cues to directional 184 

swimming greatly increases the likelihood of a pathogen finding its optimal infection site. 185 

 186 

2.2 Enhancing motility by flagellar regulation as a response to the environment 187 

While the classic chemotaxis pathway is the most commonly understood sensing/motility 188 

system, it is not the only way pathogens can sense their environments and move towards more 189 

favourable conditions. The mammalian intestinal surface is covered with a mucus glycocalyx 190 

(polysaccharide and glycoprotein covering), meaning that pathogens like enterohemorrhagic 191 

Escherichia coli (EHEC) must first penetrate this coating to reach and colonize the surfaces of 192 

epithelial cells. EHEC has the ability to activate motility in the large intestine upon sensing short 193 

chain fatty acids like butyrate via two of the transcriptional regulatory steps for flagellar gene 194 

synthesis (Tobe et al., 2011). This enhanced flagellum-driven motility aids EHEC in reaching the 195 

surface of the intestinal mucosa. In contrast, V. cholera uses a two-component sensing and 196 

response system to increase motility when bile levels are high (while the cell is in the lumen of 197 

the intestine) and decrease motility and increase virulence gene expression when bile levels are 198 

low (once the cell enters the intestinal mucus layer) (Krukonis and DiRita, 2003). These sensing 199 

and response systems provide pathogens with additional control over their motility, as they 200 

attempt to find their sites of infection.  201 

 202 

2.3 Flagella are involved in near surface swimming 203 

In addition to directed motility in free-swimming bacteria, flagellated bacteria can be 204 

dynamically entrapped at surfaces, continuing to swim but transiently restricted to the 2D plane 205 

described by the surface (Frymier et al., 1995; Lauga et al., 2006; Li et al., 2011; Vigeant et al., 206 
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2002) (Figure 2b). Using three-dimensional microscopy tracking methods, cells that encountered 207 

the glass surface of a slide were often seen to spend tens of seconds exploring the surface, a 208 

behavior not seen within the bulk liquid above the surface. This phenomenon, termed near 209 

surface swimming, appears to be based on physical, hydrodynamic forces. This property has the 210 

potential of reducing a complex three dimensional search for a receptor or surface feature to a 211 

two dimensional search problem. Regardless of whether this phenomenon is a selected-for trait 212 

or an inevitable emergent property of flagellated bacteria, it is likely to play a key role in locating 213 

optimal sites of infection. 214 

 A combination of modeling and experimental work has contributed to the understanding 215 

of near surface swimming. E. coli cells swimming near a solid surface in viscous medium will 216 

experience two opposing hydrodynamic forces – a surface torque due to increased drag on the 217 

cell side nearest the solid surface, causing the cell to roll about its length, “pulling” the front end 218 

of the swimming cell towards the surface; and form-drag torque due to increased drag on the cell 219 

now presenting a greater cross-sectional area in the direction of flow (because of the first torque), 220 

which counteracts the rolling effect of the first torque by “pushing” the front end of the cell 221 

upwards from the surface (Vigeant et al., 2002). An equilibrium angle is achieved at the balance 222 

between these torques and this angle keeps the cell at the surface in a “nose-down” 223 

configuration. This configuration causes the cell to swim constantly “towards” the surface, 224 

leading to entrapment at the surface for periods of time. These findings were repeated and 225 

reproduced by (Berke et al., 2008), also with E. coli, who found an increase in cell concentration 226 

at experimental surfaces that was predicted by the model, and are also observed in other bacterial 227 

species including Caulobacter crescentus (Li et al., 2011) and Vibrio alginolyticus (Mageriyama 228 

et al., 2005). 229 
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 In the context of an infection model, near surface swimming may explain aspects of 230 

Salomonella enterica subspecies 1 serovar Typhimurium (S. Typhimurium) cell invasion. During 231 

infection, a S. Typhimurium cell will adhere to a host intestinal cell and trigger membrane 232 

ruffling and invasion. It is known that multiple bacteria can then invade via the same ruffle but 233 

how this is achieved had remained unclear. It has now been shown that flagellar motility (but not 234 

chemotaxis) is required for reaching the host cell surface in vitro, and subsequent physical forces 235 

trap the pathogen for ~1.5 - 3 seconds in near surface swimming at the host cell membrane, 236 

which increases the local pathogen density and facilitates scanning of the host’s surface topology 237 

(Misselwitz et al., 2012). This scanning allowed for more cells to encounter existing membrane 238 

ruffles and effectively invade the host cell via the same route. Whether this type of near surface 239 

swimming scanning is used by other flagellated bacterial pathogens remains to be studied. 240 

 241 

2.4 Mechanosensing by flagella is used to switch developmental programs 242 

 The last major hurdle for bacterial pathogens to overcome when searching for their 243 

optimal host site is to recognize when they have arrived, to stop swimming and activate cellular 244 

pathogenesis programs such as swarmer-cell differentiation or biofilm formation. The flagellum 245 

often plays a role as a mechanical sensor relaying when a desirable surface or condition has been 246 

reached (Figure 2c). For example, flagella sense the environment to trigger changes in members 247 

of the alpha- and gamma-Proteobacteria and some Firmicutes to differentiate into swarmer-cells, 248 

a step important for pathogenesis (Kearns, 2010). In E. coli, dramatically increasing the load on a 249 

flagellar motor, which mimicks moving into a very viscous mucus environment, results in an 250 

increase in motor-associated stators complexes, stator remodeling and swarmer-cell 251 

differentiation, implying that the stators are the mechanosensing mechanisms (Lele et al., 2013). 252 
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Stators also appear to sense viscosity changes for the Vibrio parahaemolyticus motor and 253 

respond by altering flagellation patterns (Kawagishi et al., 1996). For Proteus mirabilis, 254 

viscosity-dependent sensing appears to use the FliL protein (found in the flagellar basal body) to 255 

activate swarmer-cell differentiation (Lee et al., 2013), while V. cholera can lose their flagella 256 

while passing through the mucus glycocalyx, leading to downstream virulence gene expression 257 

(Liu et al., 2008). Finally, the flagellum is a known mechanosensor for biofilm differentiation at 258 

infection sites, with pathways in Pseudomonas aeruginosa, V. cholera, V. parahaemolyticus and 259 

P. mirabilis well investigated and reviewed (Belas, 2014). Similar to sensing for swarmer-cell 260 

differentiation, sensing for biofilm formation involves the function of the flagellar motor stators. 261 

Conditions that alter stator function and ion flow across the inner membranes ultimately lead to 262 

regulatory control over the flagellar gene hierarchy and biofilm formation (Belas, 2014). 263 

  264 

3.0 Flagella continue to play roles in pathogenesis after arriving at the site of infection 265 

Although motility is no longer required upon reaching the site of infection, flagella play 266 

additional roles during infection (Figure 3). Various pathogens have evolved a range of 267 

interactions with their hosts during the establishment and progression of an infection, and 268 

flagella often play roles in these. Some organisms adhere to surfaces for replication, remaining in 269 

their planktonic forms while others differentiate into biofilms. Certain pathogens secrete effector 270 

molecules to alter the host site. Some prefer to work their way through tissue structures seeking 271 

out deeper niches to inhabit while still others chose to live inside host cells (either within 272 

vacuoles or free-living in the cytosol). As our understanding of each of these infectious lifestyles 273 

increases, we discover that the flagellum can play a role during all these colonization or invasion 274 

processes. 275 
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 276 

3.1 Flagella are directly involved in surface adhesion 277 

Whether their ultimate goal is to enter or attach onto to a eukaryotic host cell, the first 278 

step for many pathogens is to adhere to the surface of their target (Figure 3a). The role of the 279 

flagellum in this process has been recognized as important and has recently been reviewed in the 280 

literature (Haiko and Westerlund-Wikstrom, 2013; Rossez et al., 2015). The most common 281 

structural component of the flagellum that is involved in adhesion is the filament. The flagellar 282 

filament has the potential to act as an excellent adhesion molecule, as it is surface-exposed and 283 

made up of 20,000+ identical flagellin proteins. E. coli strains have illustrated several cases 284 

where flagellin acts as the adherence molecule, including enteropathogenic E. coli (EPEC) in 285 

epithelial cell adhesion (Girón et al., 2002), enterotoxigenic E. coli (ETEC) with interaction 286 

between flagellin, EtpA (a exoprotein adhesin) and intestinal colonization (Roy et al., 2009) and 287 

the H7 flagella from E. coli O157:H7 in its interaction with bovine intestinal epithelium 288 

(Mahajan et al., 2009). In P. aeruginosa, both the flagellin and the flagellin cap protein (FliD) 289 

were clearly demonstrated as mucin adhesion molecules (Arora et al., 1998; Lillehoj et al., 290 

2002). Interestingly, however, it was also found that flagellin-defective P. aeruginosa strains still 291 

adhered to mucin using some additional component of the flagellar motor, and mutational studies 292 

revealed that FliF (the MS-ring protein) was important (Arora et al., 1996). Given its cellular 293 

localization as a pore in the inner membrane, FliF was not expected to interact directly with 294 

mucin receptors, but rather to serve as a platform for later assembled flagellum components or to 295 

be an export pore for non-flagellar proteins that would go on to interact with mucin (Arora et al., 296 

1996). In more general studies looking at the flagellum as a whole structure, it has been reported 297 

as the adhesion structure to intestinal cells for both C. jejuni and Aeromonas caviae (Kirov et al., 298 
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2004; McSweegan and Walker, 1986). The literature contains many other studies documenting 299 

flagella, or parts thereof, as the adhesion structure between organisms and their hosts and 300 

highlights that this multifunctional machine can be as good an anchor as it is a propeller. 301 

 302 

3.2 Flagella are key to biofilm formation and structure 303 

One of the most protected and long-lasting forms a pathogenic bacteria can take once it 304 

has reached its infection site is to establish itself as a biofilm (Figure 3a). Biofilms are 305 

multicellular aggregates of bacteria bound by a matrix of extracellular polymers that include 306 

polysaccharide, protein, and DNA, which allows the cells to complex together and adhere to 307 

solid surfaces (Flemming and Wingender, 2010; Kolter and Greenberg, 2006). For pathogens 308 

like V. cholera, biofilms are highly relevant to epidemic outbreaks. V. cholera can form biofilms 309 

on the chitin surfaces of shellfish to a density of 104 cells/host, which exceeds the 103 310 

cells/infectious dose required for infection (Pruzzo et al., 2008). As well, colonizing shellfish 311 

with biofilms also creates a reservoir for the bacteria between epidemics (Alam et al., 2007). 312 

When a cell is considering the transition to a biofilm lifestyle, one of the first steps is to 313 

slow down or stop its flagella rotation. In B. subtilis, the EpsE protein interferes with the FliG 314 

(C-ring) - MotA (Stator) interaction as a "clutch" to disengage the motor (Blair et al., 2008). In 315 

several known Gram-negative systems, cyclic di-GMP acts as a messenger to control motor 316 

rotation. For E. coli and Salmonella, cyclic di-GMP complexes with the "braking" protein YcgR, 317 

where together they directly interfere with the FliG-MotA interaction (Boehm et al., 2010; Paul 318 

et al., 2010). V. cholerae and P. aeruginosa also involve cyclic di-GMP in flagellar motor 319 

regulation during biofilm formation and all four systems have been reviewed recently 320 

(Guttenplan and Kearns, 2013). 321 
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The transition from a free-swimming, planktonic cell to a biofilm requires flagellar 322 

motility in many systems. Flagellum-mediated motility is critical for wild-type levels of Listeria 323 

monocytogenes biofilm development, with both flagellum-minus and paralyzed-flagellum 324 

mutants having comparable defects in initial surface attachment and subsequent biofilm 325 

formation relative to wild type (Lemon et al., 2007). Interestingly, centrifuging both types of 326 

non-motile mutants onto a solid surface restored wild-type levels of attachment but not biofilm 327 

formation, indicating that if there was any role for L. monocytogenes flagella as a surface adhesin 328 

for biofilm formation, it is either minimal or dependent upon motility (Lemon et al., 2007). 329 

Flagellar motility is also important for the opportunistic, food-borne pathogen A. caviae, which 330 

generates both a single polar flagellum and multiple lateral flagella. Motility mutants in either 331 

flagellar system showed decreased abilities to form biofilms (by >30% of the wild-type levels) 332 

(Kirov et al., 2004). Structurally, flagella have been shown to make up one of the many 333 

components in the physical meshwork that comprises a biofilm. In E. coli, for example, flagella 334 

form a scaffold in the lower, post-exponential phase zone of the biofilm (Serra and Hengge, 335 

2014) (whereas in the upper areas, flagella are replaced with amyloid curli fibrils that confer 336 

different mechanical properties on the biofilm). The study of flagellar involvement in biofilm 337 

formation is an active research area and several model systems, including Bacillus subtilis, E. 338 

coli, P. aeruginosa, V. cholerae and V. parahaemolyticus are being studied and have been 339 

recently reviewed (Guttenplan and Kearns, 2013).  340 

 341 

3.3 The flagellar T3SS acts as a proto-injectisome 342 

Pathogenic bacteria frequently secrete effector molecules as virulence factors to modulate 343 

host processes. The integral flagellar T3SS often acts as the secretion system for these effectors, 344 
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obviating the requirement for a dedicated injectisome T3SS (Duan et al., 2013) (Figure 3b). 345 

Phylogenetic analyses of the flagellar T3SS (the export apparatus in the basal body structure of 346 

the flagellum) and the non-flagellar T3SS (often referred to as an injectisome, or simply a “type 347 

III secretion system”) have shown that both structures have a conserved core, with the most 348 

likely evolutionary scenario being the bacterial injectisome evolving from an ancestral bacterial 349 

flagellum (Abby and Rocha, 2012). While the more recent, specialized injectisome system is an 350 

important secretion apparatus in many bacteria, many pathogens still use the flagellar T3SS to 351 

directly secrete non-flagellar, virulence-associated effector proteins into their host cell 352 

environment.  353 

Examples of effectors exported by the flagellar T3SS include YplA, a known 354 

phospholipase virulence factor from Yesinia entericola, which is dependent on functional 355 

flagellar T3SS, flagellar basal body and hook structures (Young et al., 1999). Bacillus 356 

thuringiensis uses the flagellar T3SS to secrete two of its known virulence factors, hemolysin BL 357 

and phosphatidylcholine-preferring phospholipase C (Ghelardi et al., 2002). C. jejuni has two 358 

classes of virulence proteins that both use flagellar T3SS for export; the Campylobacter invasion 359 

antigen (Cia) proteins and the FspA class of secreted proteins (Christensen et al., 2009; Konkel 360 

et al., 2004, 1999; Neal-McKinney et al., 2010). Cia proteins (including CiaB, CiaC, and CiaD) 361 

all appear to be involved in promoting internalization of C. jejuni for host invasion and require a 362 

full-length flagellar filament for proper secretion (Konkel et al., 2004; Neal-McKinney and 363 

Konkel, 2012; Samuelson et al., 2013; Ziprin et al., 2001) while FspA proteins appear to only 364 

require the flagellar T3SS, basal body and hook structures of the flagellum for secretion, and at 365 

least one variant, FspA2, has been shown to rapidly induce apoptosis of cells in cell culture in 366 

vitro (Poly et al., 2007). These findings indicate that besides being the apparatus that assembles 367 
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the flagellum structure, the flagellar T3SS is also a general export system for secretion of 368 

proteins that influence bacterial-host interactions.  369 

 370 

3.4 Rotating flagella drive bacterial penetration between cell-cell junctions 371 

 Some bacterial pathogens are not content to establish infection at the surface of a host 372 

tissue but chose to penetrate into deeper tissue structures. One way this can be achieved is by 373 

boring between cell-cell tight junctions. Helicobacter felis exhibits the characteristically strong 374 

motility of the epsilon-proteobacteria, which has been suggested to enable it to push into tissues 375 

(Lee et al., 1988). Additionally, pathogens that fall into the bacterial order Spirochetes (like 376 

Borrelia burgdorferi, the agent of Lyme disease and Treponema pallidum, the agent of syphilis) 377 

are particularly prominent examples for exploiting their unique periplasmic endoflagellar 378 

motility for the process of penetrating endothelial monolayers (Comstock and Thomas, 1991; 379 

Thomas et al., 1988). These organisms have a dedicated review in this special issue and the 380 

interested reader is directed there for a full discussion.  381 

 382 

3.5 Flagella do not mechanically bore through cell membranes 383 

Although it might be imagined that forceful swimming motility could lead to host cell 384 

invasion by directly pushing the pathogen through the cell membrane, this is not the case. Plasma 385 

membranes are, in fact, a tough barrier to micron-sized objects. Work with particle bombardment 386 

of micron-sized gold spheres into eukaryotic cells (termed biolistics) reveals that velocities in 387 

excess of 100 m/s are necessary to penetrate cells, orders of magnitude greater than the ~10-100 388 

µm/s (or 0.00001-0.0001 m/s) swimming speeds of bacterial cells (Huang and Chen, 2011; 389 

Kikkert et al., 2005; Rinberg et al., 2005; Zhang et al., 2014). In terms of force, direct 390 
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measurement of a swimming E. coli cell has revealed that it can generate a thrust force of around 391 

0.57 pN (Chattopadhyay et al., 2006), whereas a force of 1.5 nN (more than 2000-fold greater) 392 

was only able to dent a fibroblast membrane 500 nm inwards (not puncture it) using atomic force 393 

microscopy (Thomas et al., 2013). Together these measurements orient our understanding and 394 

demonstrate that flagella are incapable of ever exerting the brute force necessary to invade a cell, 395 

and thus more subtle ‘molecular subterfuge’ strategies are required. 396 

 397 

3.6 Phagocytosis/Invasion 398 

 Bacterial pathogens that invade host cells for replication do so by complex mechanisms 399 

that actively induce their own uptake by phagocytosis into normally non-phagocytic cells (such 400 

as intestinal epithelial cells) and either remain in a vacuole (e.g., Salmonella) or escape into the 401 

cytosol for replication (e.g., Listeria and Shigella) (Cossart and Sansonetti, 2004) (Figure 3c). 402 

These invasive strategies allow pathogens to avoid many host immune defenses and establish 403 

productive infection having evolved to survive and thrive inside the host cell. Phagocytosis for 404 

entry into the host cell is carried out by either the zipper or trigger mechanism, both of which are 405 

well understood and have been reviewed (Cossart and Sansonetti, 2004; Sansonetti, 2001). 406 

Similar to many other stages of infection, flagellar motility has been shown to be necessary for 407 

proper invasion of many pathogens through phagocytosis.  408 

 There are several examples where non-motile flagellar mutants have severely reduced 409 

invasion ability. Burkholderia cepacia, C. jejuni and P. mirabilis are all invasion-compromised 410 

when flagellar motility is abolished (Grant et al., 1993; Mobley et al., 1996; Tomich et al., 2002). 411 

However, when B. cepacia or P. mirabilis are centrifuged onto their host cells (without active 412 

motility), P. mirabilis was then able to invade its host cell while B. cepacia still could not 413 
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(Mobley et al., 1996; Tomich et al., 2002). This indicates that B. cepacia’s invasion is dependent 414 

on an active motility process independent of chemotaxis and flagellar adhesion to the host.  415 

 Legionella pneumophila is an interesting pathogen that usually inhabits freshwater 416 

biotopes by living as an intracellular pathogen of amoebae. However, if aerosolized and inhaled, 417 

it can invade and multiply in alveolar macrophages and non-phagocytic cells in humans to cause 418 

Legionnaries’ disease. L. pneumophila flagellar mutants have been made and they were 419 

determined to have no effect on cell adhesion or intracellular rate of replication (Dietrich et al., 420 

2001; Molofsky et al., 2005). However, loss of flagellar motility moderately reduced invasion 421 

efficiency in amoebae and severely reduced the invasion efficiency in a human macrophage-like 422 

cell line (Dietrich et al., 2001). So, while flagellar motility is necessary for efficient invasion of 423 

L. pneumophila into all its hosts, flagellar loss had a greater impact on its internalization with its 424 

mammalian host cell type.  425 

 From a host immune response perspective, professional phagocytosis cells actively try to 426 

seek out and engulf pathogens. An interesting set of studies in P. aeuroginosa revealed that 427 

innate immune cells respond to motility, not just the flagellar structure, as targets for 428 

phagocytosis (Lovewell et al., 2014, 2011). This was determined by generating stator mutants in 429 

P. aeuroginosa strains, so flagellar structures were present but motility was abolished; non-430 

motile strains with paralyzed flagella were ~100-fold more resistant to phagocytosis than motile, 431 

wild-type strains (Lovewell et al., 2011). This phagocytosis resistance was not due to a 432 

measurable change in the expression of common outer membrane proteins or known regulators 433 

of pathogen-associated molecular patterns (PAMPs), but rather that phagocytic cells responded 434 

to bacterial swimming as a function of flagellar rotation after initial contact and that 435 

phagocytosis is directly proportional to the flagellar torque of the bacteria.  436 
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To address how actual motility, and not just the presence of the flagella, might affect 437 

phagocytosis, two reasonable theories have been proposed; either bacterial motility alters the 438 

expression of unknown bacterially-produced factors or ligands that alters phagocyte recognition 439 

or that cells can “sense” motility and respond via phagocytosis (Lovewell 2011). Investigation of 440 

P. aeuroginosa indicated that there was no significant change in gene expression that correlated 441 

with loss of motility and phagocytic susceptibility, leaving an obvious motility/phagocytic factor 442 

as yet undiscovered (Lovewell 2011). Alternatively, innate immune cells may be able sense 443 

bacterial motility through membrane depression or activation of an unknown tension receptor(s), 444 

and that this mechanical perturbation could activate phagocytosis (Lovewell 2011). There are 445 

examples of cellular mechanosensory systems in other physiological systems, such as cellular 446 

stretch detection in muscle sarcoma cells (Birukov et al., 1995) and shear-enhanced adhesive 447 

catch bonds in rolling leukocytes (Finger et al., 1996), but to date no reports have identified such 448 

a mechanism contributing to pathogen recognition. 449 

 450 

4.0 For growth and maintenance with the host, pathogens must have a strategy to deal with 451 

the immunogenicity of their flagella. 452 

 Once a pathogen has reached its desired site of infection and has established itself either 453 

on or inside its host, the next challenge faced is avoiding the host immune defense system long 454 

enough to grow and replicate. Conserved from worms to mammals, the eukaryotic innate 455 

immune system includes sets of germline-encoded pattern-recognition receptors (PRRs) to 456 

automatically recognize and respond to microorganisms. These PRRs recognize microbial 457 

components, known as PAMPs, which are highly conserved bacterial components/structures. 458 

The bacterial flagellin protein has a highly conserved 13 amino acid core structure required for 459 
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protofilament formation and assembly, which makes it an ideal PAMP (Smith et al., 2003). For 460 

sensing PAMPs outside the mammalian cell, the immune system uses Toll-like receptors (TLRs) 461 

(Akira et al., 2006). TLR-5 is dedicated to the recognition of extracellular bacterial flagellin 462 

protein (Hayashi et al., 2001). If flagellin protein is detected within the cytosol of a cell, it is 463 

detected through a different innate immune pathway; the Nod-like receptor (NLR) Ipaf, which 464 

activates caspase-1 and interleukin 1β, or Naip5 (Miao et al., 2007, 2006, Ren et al., 2006). This 465 

means that for pathogenic bacteria to survive the eukaryotic host’s innate immune system and 466 

thrive, they must either reduce or turn off their flagellar expression or evade the immune system 467 

by hiding their flagella from it (Figure 4). Depending on how essential flagellar motility is for 468 

the pathogen at the replicative stage of infection, different organisms take different approaches. 469 

 470 

4.1 Some pathogens reduce or eliminate flagellar expression   471 

 The obvious solution to flagellin-mediated immune clearance of bacteria is for the 472 

bacterium to simply turn off flagellar expression when it no longer needs it, a response that is 473 

common and widespread (Figure 4a). The normal microbiota within the mammalian gut has been 474 

shown to have overall low levels of flagellin expression, while TLR5-/- mice showed a diversity 475 

of gut microbiome members with overexpressed flagellar genes (Cullender et al., 2013). 476 

Commensal strains of motile E. coli introduced into the mouse gut were found to lose 45-50% of 477 

their motility by day three after feeding and between 80-90% of their motility by day 15 (Gauger 478 

et al., 2007). The same pattern is seen with pathogenic strains, with S. Typhimurium strongly 479 

down regulating its genes coding for flagellar machinery and chemotaxis when intracellular in 480 

macrophages during infection (Eriksson et al., 2003). This response is similar for plant pathogens 481 

as well, where the gene expression profiles of P. syringae show that they give up their motility in 482 
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favor of replication processes once they have established themselves inside the leaf cell (Yu et 483 

al., 2013). 484 

 One interesting mechanism to control this downregulation of flagellar motility genes 485 

once inside the host is temperature sensing. Both L. monocytogenes and L. pneumophila 486 

demonstrate temperature-dependent expression of their flagella (Kamp and Higgins, 2011; Ott et 487 

al., 1991). Under environmental temperature conditions (22°C to 30°C), both systems express 488 

flagella, but when raised to 37°C, flagellar expression is markedly reduced. In the L. 489 

monocytogenes system, it was determined that the protein GmaR acts as a protein thermometer 490 

that controls temperature-dependent transcription of flagellar motility genes (Kamp and Higgins, 491 

2011). These types of systems provide a pathogen with the ability to turn off immune-stimulating 492 

antigens before they can trigger adverse host defenses for the pathogen once inside their target 493 

host. 494 

 495 

4.2 Some pathogens utilize immune evasion strategies 496 

 Organisms that continue to express their flagella during their time inside a host have 497 

developed many ways to avoid the immune system, either by alternating their expressed flagellin 498 

proteins regularly (phase variation), having different subsets of the population express flagella 499 

and not (bistability), by altering the flagellin protein structure to be unrecognizable to TLR5 500 

(flagellin modification) or adding post-translational modifications to flagellins to mask target 501 

sites (glycosylation).  502 

S. Typhimurium alternately expresses two different flagellar filament proteins, FljB and 503 

FliC, in a process known as flagellar phase variation (Andrewes, 1922; Bonifield and Hughes, 504 

2003). The molecular mechanism mediating flagellar phase variation occurs by a site-specific 505 
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DNA inversion event in the chromosome, allowing alternative expression between the flagellins 506 

at a rate of 10-3 to 10-5 per cell generation (Stocker, 1949). While altering flagellin expression in 507 

this way does not change the innate immune system’s ability to recognize the flagellum, the 508 

different flagellin subunits do have different antigenicities, making them harder for the cellular 509 

immune response to clear out effectively (Bonifield and Hughes, 2003).  510 

Another mechanism that utilizes flagellar gene expression is bistability, where a clonal 511 

group of cells demonstrate two distinct motility phenotypes within the population; motile and 512 

non-motile. For S. Typhimurium cells, bistability is observed when the cells are in the 513 

environment, where nutrient levels control the proportion of motile/non-motile cells (Koirala et 514 

al., 2014), and during infection, where different proportions of inflammatory (motile) and non-515 

inflammatory (non-motile) cells influence systemic spread (Steward and Cookson, 2012). 516 

Bacillus subtilis is another well-studied example, with the population differentiating into either 517 

non-motile chains that form biofilms and resist protozoan grazing or motile cells that disperse to 518 

new, potentially more favorable niches (Mukherjee and Kearns, 2014). In most cases, bistability 519 

is seen as a bet-hedging strategy to optimize the population’s chance of survival (Steward and 520 

Cookson, 2012). 521 

Another immune avoidance mechanism for bacteria is to alter their flagellin sequence to 522 

be unrecognizable by TLR5 (Figure 4b). The TLR5 recognition site was determined to be within 523 

amino acids 89-96 of the N-terminal D1 domain of the flagellin protein (Andersen-Nissen et al., 524 

2005). It was found that flagellin from C. jejuni, H. pylori and Bartonella bacilliformis have 525 

alterations to these amino acids that abolishes TLR5 recognition, as well as complementary 526 

mutations elsewhere in the flagellin protein to maintain filament formation and motility 527 

(Andersen-Nissen et al., 2005; Watson and Galán, 2005). When these mutations were transferred 528 
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into a S. Typhimurium flagellin sequence, which is normally strongly recognized by TLR5, the 529 

flagellin evaded TLR5 recognition and the bacteria remained motile (Andersen-Nissen et al., 530 

2005).  531 

Finally, another way to modify flagellins to evade the immune system is through post-532 

translational modification (Figure 4c). Glycosylation, the addition of carbohydrate moieties to 533 

the protein backbone, is a common bacterial surface protein modification and the flagellins of 534 

many bacteria, including C. jejuni, P. aeruginosa, Burkholderia cenocepacia and Aeromonas 535 

hydrophila are known to be glycosylated (Brimer and Montie, 1998; Ewing et al., 2009; 536 

Hanuszkiewicz et al., 2014; Merino et al., 2014; Thibault et al., 2001). C. jejuni flagellins are 537 

modified at 19 different sites on its major flagellin protein and it has been speculated that the 538 

structural similarity of the flagellin glycans (which include 5-acetamidino-7-acetamido- 539 

pseudaminic acid) to the predominant sialic acid found in mammalian cells (which is N-540 

acetylneuraminic acid) may play a role in immune avoidance (Thibault et al., 2001). For B. 541 

cenocepacia, its flagellar glycosylation clearly led to a reduced inflammatory response in the 542 

host by reducing TLR-5 recognition (Hanuszkiewicz et al., 2014). Overall, the effects of 543 

glycosylation on the immune recognition of flagellins is still an active area of research and 544 

remains to be better understood in the future. 545 

 546 

5.0 Dispersal 547 

 After a successful growth phase inside its host, the final step a pathogenic bacterium 548 

needs to accomplish is to disperse to find new hosts to colonize. This dispersal is commonly 549 

motility-mediated, which often requires the reactivation of flagellar systems after their down-550 

regulation during the growth and maintenance phase of infection. 551 
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   552 

5.1 Reinitiate flagellar expression for escape 553 

 Motility is often necessary for pathogen escape from intracellular host cells back into the 554 

general host environment. S. Typhimurium reactivates its motility while still intracellular to 555 

prepare for exit from infected macrophages. In conjunction with inducing eukaryotic cell death, 556 

intracellular Salmonella bacilli intermittently exit host cells in a flagellum-dependent manner, 557 

exemplified by the observation that highly motile S. Typhimurium could escape from host cells 558 

while non-motile ∆fliA mutants could not (Sano et al., 2007). Uropathogenic E. coli (UPEC) 559 

cells establish their infection inside the superficial umbrella cells in the bladder, where they form 560 

complex intracellular bacterial communities (IBCs), similar to biofilms. During the growth 561 

phase, bacteria in IBCs are non-motile and develop into highly organized biofilm-like 562 

communities that ultimately fill most of the host cytoplasm. When the IBC is mature, the host 563 

cell undergoes apoptosis and the bacteria switch back to a motile phenotype allowing detachment 564 

from the IBC and eventual fluxing out of the host cell through areas of compromised cell 565 

membrane integrity (Justice et al., 2004). The motility of intracellular and fluxed UPEC cells 566 

was characteristic of flagellar-based motility based on video microscopy (Justice et al., 2004).  567 

In addition to using flagellar motility to escape intercellular host spaces to exit into the 568 

exterior environment, some pathogens use their motility to move between host cells to spread 569 

during infection within a single host organism. Several Burkholderia species invade mammalian 570 

cells via phagocytosis, escaping their endosomes and replicating in the cytoplasm accompanied 571 

by actin-based motility and cell–cell spreading, analogous to Shigella flexneri and L. 572 

monocytogenes infections (French et al., 2011). Mutational analysis in Burkholderia 573 

demonstrated that MotA2 (stator)-dependent flagellar motility could drive intercellular spread 574 
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independently of BimA-mediated actin polymerization, and that flagellar-mediated motility 575 

increased the frequency of contact between bacteria and host cell membranes; such contact was a 576 

prerequisite for membrane fusion and cell-to-cell spreading of Burkholderia within its host 577 

(French et al., 2011). 578 

 Flagellar motility is not only required by animal pathogens for escape, but also for 579 

bacterial pathogens of other bacteria. The bacterial intracellular pathogen B. bacteriovorus is a 580 

Gram-negative bacterium that preys on other Gram-negative bacteria by invading prey cells and 581 

replicating in their periplasmic space. Flagellar motility is required for the extracellular attack 582 

phase and the escape phase of their life cycle, while growth phase cells are non-motile and non-583 

flagellated. Using anti-sense RNAs to degrade stator protein transcripts, it was shown that B. 584 

bacteriovorus cells that were unable to reinitiate flagellar expression after their growth phase 585 

were compromised in host cell exit (Flannagan et al., 2004). 586 

 587 

5.2 Inducing an immune response and host cell death as an escape and reinfection 588 

mechanism 589 

An interesting example where a pathogen actively induces an immune response as part of 590 

its dispersal and spreading strategy is with Salmonella. During S. Typhimurium infection, cells 591 

live within special vacuoles inside epithelial or macrophage cells and during their growth, they 592 

translocate flagellin proteins into the cytosol via their injectisome T3SS (Sun et al., 2007). S. 593 

Typhimurium uses the secreted flagellin to activate  Ipaf and caspase-1, initiating host cell death 594 

via a controlled pyroptosis (Fink and Cookson, 2007; Stewart et al., 2011). Unlike apoptosis, 595 

pyroptosis produces inflammatory responses during the host cell death which recruits additional 596 

macrophages to the site of infection. These macrophages phagocytose the released S. 597 
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Typhimurium and continue the spread of infection (Fink and Cookson, 2007). In this way, the 598 

flagellin proteins detected by the host cell act as a catalyst to recruit new cells to the site of 599 

dispersal to be newly infected. 600 

 601 

6.0 Concluding remarks 602 

Flagella have evolved to play roles at all stages during pathogenesis. Flagellar motility is 603 

an important process in many stages of a pathogen’s life cycle. In many cases, the initial function 604 

of the flagellum is to find the proper host site to initiate an infection and then leave the host site 605 

to spread the infection to other cells, body sites or other hosts. When this propulsion is coupled 606 

to chemotaxis, motility can be a very effective virulence factor to allow efficient colonization 607 

and spread. Beyond movement, however, the flagellar motility system has become necessary for 608 

some bacteria to sense their environmental conditions, adhere to target sites, invade host cells, 609 

secrete effector molecules and evade the host immune system. These complex interactions 610 

between bacterial flagella and the host environment have evolved over hundreds of thousands of 611 

years to add utility to an existing bacterial structure. As our understanding of pathogenic life 612 

cycles and processes continues to grow, it is likely that new roles for the bacterial flagellum 613 

during pathogenesis will be revealed. While motility was likely a predisposing factor during 614 

initial evolution of pathogenesis, it appears that flagella have become incorporated into every 615 

other facet of the infection process since then. 616 

 617 

Acknowledgements 618 

This work was supported by BBSRC grant BB/L023091/1 and Marie Curie Career Integration 619 

Grant 630988. The authors thank Kelly Hughes for valuable manuscript feedback and discussion.620 



Page 28 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

28 

 

 621 

References 622 

Abby, S.S., Rocha, E.P.C., 2012. The non-flagellar type III secretion system evolved from the 623 

bacterial flagellum and diversified into host-cell adapted systems. PLoS Genet 8, 624 

e1002983. doi:10.1371/journal.pgen.1002983 625 

Abrusci, P., Vergara-Irigaray, M., Johnson, S., Beeby, M.D., Hendrixson, D.R., Roversi, P., 626 

Friede, M.E., Deane, J.E., Jensen, G.J., Tang, C.M., Lea, S.M., 2013. Architecture of the 627 

major component of the type III secretion system export apparatus. Nat. Struct. Mol. 628 

Biol. 20, 99–104. doi:10.1038/nsmb.2452 629 

Adler, J., 1966. Chemotaxis in bacteria. Science 153, 708–716. 630 

doi:10.1126/science.153.3737.708 631 

Aihara, E., Closson, C., Matthis, A.L., Schumacher, M.A., Engevik, A.C., Zavros, Y., Ottemann, 632 

K.M., Montrose, M.H., 2014. Motility and chemotaxis mediate the preferential 633 

colonization of gastric injury sites by Helicobacter pylori. PLoS Pathog 10, e1004275. 634 

doi:10.1371/journal.ppat.1004275 635 

Akira, S., Uematsu, S., Takeuchi, O., 2006. Pathogen recognition and innate immunity. Cell 124, 636 

783–801. doi:10.1016/j.cell.2006.02.015 637 

Alam, M., Sultana, M., Nair, G.B., Siddique, A.K., Hasan, N.A., Sack, R.B., Sack, D.A., Ahmed, 638 

K.U., Sadique, A., Watanabe, H., Grim, C.J., Huq, A., Colwell, R.R., 2007. Viable but 639 

nonculturable Vibrio cholerae O1 in biofilms in the aquatic environment and their role in 640 

cholera transmission. Proc. Natl. Acad. Sci. 104, 17801–17806. 641 

doi:10.1073/pnas.0705599104 642 

Altegoer, F., Schuhmacher, J., Pausch, P., Bange, G., 2014. From molecular evolution to 643 

biobricks and synthetic modules: a lesson by the bacterial flagellum. Biotechnol. Genet. 644 

Eng. Rev. 30, 49–64. doi:10.1080/02648725.2014.921500 645 

Andersen-Nissen, E., Smith, K.D., Strobe, K.L., Barrett, S.L.R., Cookson, B.T., Logan, S.M., 646 

Aderem, A., 2005. Evasion of Toll-like receptor 5 by flagellated bacteria. Proc. Natl. 647 

Acad. Sci. U. S. A. 102, 9247–9252. doi:10.1073/pnas.0502040102 648 

Andrewes, F.W., 1922. Studies in group-agglutination I. The salmonella group and its antigenic 649 

structure. J. Pathol. Bacteriol. 25, 505–521. doi:10.1002/path.1700250411 650 

Arora, S.K., Ritchings, B.W., Almira, E.C., Lory, S., Ramphal, R., 1998. The Pseudomonas 651 

aeruginosa flagellar cap protein, FliD, is responsible for mucin adhesion. Infect. Immun. 652 

66, 1000–1007. 653 

Arora, S.K., Ritchings, B.W., Almira, E.C., Lory, S., Ramphal, R., 1996. Cloning and 654 

characterization of Pseudomonas aeruginosa fliF, necessary for flagellar assembly and 655 

bacterial adherence to mucin. Infect. Immun. 64, 2130–2136. 656 

Asai, Y., Yakushi, T., Kawagishi, I., Homma, M., 2003. Ion-coupling determinants of Na+-657 

driven and H+-driven flagellar motors. J. Mol. Biol. 327, 453–463. doi:10.1016/S0022-658 

2836(03)00096-2 659 

Belas, R., 2014. Biofilms, flagella, and mechanosensing of surfaces by bacteria. Trends 660 

Microbiol. 22, 517–527. doi:10.1016/j.tim.2014.05.002 661 

Berke, A.P., Turner, L., Berg, H.C., Lauga, E., 2008. Hydrodynamic attraction of swimming 662 

microorganisms by surfaces. Phys. Rev. Lett. 101, 038102. 663 

doi:10.1103/PhysRevLett.101.038102 664 



Page 29 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

29 

 

Birukov, K.G., Shirinsky, V.P., Stepanova, O.V., Tkachuk, V.A., Hahn, A.W.A., Resink, T.J., 665 

Smirnov, V.N., 1995. Stretch affects phenotype and proliferation of vascular smooth 666 

muscle cells. Mol. Cell. Biochem. 144, 131–139. doi:10.1007/BF00944392 667 

Blair, K.M., Turner, L., Winkelman, J.T., Berg, H.C., Kearns, D.B., 2008. A molecular clutch 668 

disables flagella in the Bacillus subtilis biofilm. Science 320, 1636–1638. 669 

doi:10.1126/science.1157877 670 

Boehm, A., Kaiser, M., Li, H., Spangler, C., Kasper, C.A., Ackermann, M., Kaever, V., Sourjik, 671 

V., Roth, V., Jenal, U., 2010. Second messenger-mediated adjustment of bacterial 672 

swimming velocity. Cell 141, 107–116. doi:10.1016/j.cell.2010.01.018 673 

Boin, M.A., Austin, M.J., Häse, C.C., 2004. Chemotaxis in Vibrio cholerae. FEMS Microbiol. 674 

Lett. 239, 1–8. doi:10.1016/j.femsle.2004.08.039 675 

Bolton, D.J., 2015. Campylobacter virulence and survival factors. Food Microbiol. 48, 99–108. 676 

doi:10.1016/j.fm.2014.11.017 677 

Bonifield, H.R., Hughes, K.T., 2003. Flagellar phase variation in Salmonella enterica is 678 

mediated by a posttranscriptional control mechanism. J. Bacteriol. 185, 3567–3574. 679 

doi:10.1128/JB.185.12.3567-3574.2003 680 

Boyd, A., Simon, M., 1982. Bacterial chemotaxis. Annu. Rev. Physiol. 44, 501–517. 681 

doi:10.1146/annurev.ph.44.030182.002441 682 

Briegel, A., Li, X., Bilwes, A.M., Hughes, K.T., Jensen, G.J., Crane, B.R., 2012. Bacterial 683 

chemoreceptor arrays are hexagonally packed trimers of receptor dimers networked by 684 

rings of kinase and coupling proteins. Proc. Natl. Acad. Sci. 109, 3766–3771. 685 

doi:10.1073/pnas.1115719109 686 

Brimer, C.D., Montie, T.C., 1998. Cloning and comparison of fliC genes and identification of 687 

glycosylation in the flagellin of Pseudomonas aeruginosa a-type strains. J. Bacteriol. 688 

180, 3209–3217. 689 

Butler, S.M., Camilli, A., 2005. Going against the grain: chemotaxis and infection in Vibrio 690 

cholerae. Nat. Rev. Microbiol. 3, 611–620. doi:10.1038/nrmicro1207 691 

Butler, S.M., Camilli, A., 2004. Both chemotaxis and net motility greatly influence the 692 

infectivity of Vibrio cholerae. Proc. Natl. Acad. Sci. U. S. A. 101, 5018–5023. 693 

doi:10.1073/pnas.0308052101 694 

Chattopadhyay, S., Moldovan, R., Yeung, C., Wu, X.L., 2006. Swimming efficiency of 695 

bacterium Escherichia coli. Proc. Natl. Acad. Sci. 103, 13712–13717. 696 

doi:10.1073/pnas.0602043103 697 

Chen, S., Beeby, M., Murphy, G.E., Leadbetter, J.R., Hendrixson, D.R., Briegel, A., Li, Z., Shi, 698 

J., Tocheva, E.I., Muller, A., Dobro, M.J., Jensen, G.J., 2011. Structural diversity of 699 

bacterial flagellar motors. EMBO J. 30, 2972–2981. doi:10.1038/emboj.2011.186 700 

Chen, X., Berg, H.C., 2000. Torque-speed relationship of the flagellar rotary motor of 701 

Escherichia coli. Biophys. J. 78, 1036–1041. 702 

Christensen, J.E., Pacheco, S.A., Konkel, M.E., 2009. Identification of a Campylobacter jejuni-703 

secreted protein required for maximal invasion of host cells. Mol. Microbiol. 73, 650–704 

662. doi:10.1111/j.1365-2958.2009.06797.x 705 

Comstock, L.E., Thomas, D.D., 1991. Characterization of Borrelia burgdorferi invasion of 706 

cultured endothelial cells. Microb. Pathog. 10, 137–148. 707 

Cossart, P., Sansonetti, P.J., 2004. Bacterial invasion: the paradigms of enteroinvasive 708 

pathogens. Science 304, 242–248. doi:10.1126/science.1090124 709 

Cross, A.S., 2008. What is a virulence factor? Crit. Care 12, 196. doi:10.1186/cc7127 710 



Page 30 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

30 

 

Cullender, T.C., Chassaing, B., Janzon, A., Kumar, K., Muller, C.E., Werner, J.J., Angenent, 711 

L.T., Bell, M.E., Hay, A.G., Peterson, D.A., Walter, J., Vijay-Kumar, M., Gewirtz, A.T., 712 

Ley, R.E., 2013. Innate and adaptive immunity interact to quench microbiome flagellar 713 

motility in the gut. Cell Host Microbe 14, 571–581. doi:10.1016/j.chom.2013.10.009 714 

Dietrich, C., Heuner, K., Brand, B.C., Hacker, J., Steinert, M., 2001. Flagellum of Legionella 715 

pneumophila positively affects the early phase of infection of eukaryotic host cells. 716 

Infect. Immun. 69, 2116–2122. doi:10.1128/IAI.69.4.2116-2122.2001 717 

Duan, Q., Zhou, M., Zhu, L., Zhu, G., 2013. Flagella and bacterial pathogenicity. J. Basic 718 

Microbiol. 53, 1–8. doi:10.1002/jobm.201100335 719 

Egan, F., Barret, M., O’Gara, F., 2014. The SPI-1-like Type III secretion system: more roles than 720 

you think. Front. Plant Sci. 5. doi:10.3389/fpls.2014.00034 721 

Eisenbach, M., 2011. Bacterial Chemotaxis, in: John Wiley & Sons, Ltd (Ed.), eLS. John Wiley 722 

& Sons, Ltd, Chichester, UK, pp. 1-17. 723 

Eriksson, S., Lucchini, S., Thompson, A., Rhen, M., Hinton, J.C.D., 2003. Unravelling the 724 

biology of macrophage infection by gene expression profiling of intracellular Salmonella 725 

enterica. Mol. Microbiol. 47, 103–118. doi:10.1046/j.1365-2958.2003.03313.x 726 

Ewing, C.P., Andreishcheva, E., Guerry, P., 2009. Functional characterization of flagellin 727 

glycosylation in Campylobacter jejuni 81-176. J. Bacteriol. 191, 7086–7093. 728 

doi:10.1128/JB.00378-09 729 

Finger, E.B., Purl, K.D., Alon, R., Lawrence, M.B., Andrian, U.H. von, Springer, T.A., 1996. 730 

Adhesion through L-selectin requires a threshold hydrodynamic shear. Nature 379, 266–731 

269. doi:10.1038/379266a0 732 

Fink, S.L., Cookson, B.T., 2007. Pyroptosis and host cell death responses during Salmonella 733 

infection. Cell. Microbiol. 9, 2562–2570. doi:10.1111/j.1462-5822.2007.01036.x 734 

Flannagan, R.S., Valvano, M.A., Koval, S.F., 2004. Downregulation of the motA gene delays the 735 

escape of the obligate predator Bdellovibrio bacteriovorus 109J from bdelloplasts of 736 

bacterial prey cells. Microbiology 150, 649–656. doi:10.1099/mic.0.26761-0 737 

Flemming, H.-C., Wingender, J., 2010. The biofilm matrix. Nat. Rev. Microbiol. 8, 623–633. 738 

doi:10.1038/nrmicro2415 739 

French, C.T., Toesca, I.J., Wu, T.-H., Teslaa, T., Beaty, S.M., Wong, W., Liu, M., Schröder, I., 740 

Chiou, P.-Y., Teitell, M.A., Miller, J.F., 2011. Dissection of the Burkholderia 741 

intracellular life cycle using a photothermal nanoblade. Proc. Natl. Acad. Sci. 108, 742 

12095–12100. doi:10.1073/pnas.1107183108 743 

Freter, R., O’Brien, P.C., 1981. Role of chemotaxis in the association of motile bacteria with 744 

intestinal mucosa: fitness and virulence of nonchemotactic Vibrio cholerae mutants in 745 

infant mice. Infect. Immun. 34, 222–233. 746 

Frymier, P.D., Ford, R.M., Berg, H.C., Cummings, P.T., 1995. Three-dimensional tracking of 747 

motile bacteria near a solid planar surface. Proc. Natl. Acad. Sci. 92, 6195–6199. 748 

Gauger, E.J., Leatham, M.P., Mercado-Lubo, R., Laux, D.C., Conway, T., Cohen, P.S., 2007. 749 

Role of motility and the flhDC operon in Escherichia coli MG1655 colonization of the 750 

mouse intestine. Infect. Immun. 75, 3315–3324. doi:10.1128/IAI.00052-07 751 

Ghelardi, E., Celandroni, F., Salvetti, S., Beecher, D.J., Gominet, M., Lereclus, D., Wong, 752 

A.C.L., Senesi, S., 2002. Requirement of flhA for swarming differentiation, flagellin 753 

export, and secretion of virulence-associated proteins in Bacillus thuringiensis. J. 754 

Bacteriol. 184, 6424–6433. doi:10.1128/JB.184.23.6424-6433.2002 755 



Page 31 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

31 

 

Girón, J.A., Torres, A.G., Freer, E., Kaper, J.B., 2002. The flagella of enteropathogenic 756 

Escherichia coli mediate adherence to epithelial cells. Mol. Microbiol. 44, 361–379. 757 

doi:10.1046/j.1365-2958.2002.02899.x 758 

Grant, C.C., Konkel, M.E., Cieplak, W., Tompkins, L.S., 1993. Role of flagella in adherence, 759 

internalization, and translocation of Campylobacter jejuni in nonpolarized and polarized 760 

epithelial cell cultures. Infect. Immun. 61, 1764–1771. 761 

Guerry, P., 2007. Campylobacter flagella: not just for motility. Trends Microbiol. 15, 456–461. 762 

doi:10.1016/j.tim.2007.09.006 763 

Guttenplan, S.B., Kearns, D.B., 2013. Regulation of flagellar motility during biofilm formation. 764 

FEMS Microbiol. Rev. 37, 849–871. doi:10.1111/1574-6976.12018 765 

Haiko, J., Westerlund-Wikstrom, B., 2013. The role of the bacterial flagellum in adhesion and 766 

virulence. Biology 2, 1242–1267. doi:10.3390/biology2041242 767 

Hanuszkiewicz, A., Pittock, P., Humphries, F., Moll, H., Rosales, A.R., Molinaro, A., Moynagh, 768 

P.N., Lajoie, G.A., Valvano, M.A., 2014. Identification of the flagellin glycosylation 769 

system in Burkholderia cenocepacia and the contribution of glycosylated flagellin to 770 

evasion of human innate immune responses. J. Biol. Chem. 289, 19231–19244. 771 

doi:10.1074/jbc.M114.562603 772 

Hawes, M.C., Smith, L.Y., 1989. Requirement for chemotaxis in pathogenicity of Agrobacterium 773 

tumefaciens on roots of soil-grown pea plants. J. Bacteriol. 171, 5668–5671. 774 

Hayashi, F., Smith, K.D., Ozinsky, A., Hawn, T.R., Yi, E.C., Goodlett, D.R., Eng, J.K., Akira, 775 

S., Underhill, D.M., Aderem, A., 2001. The innate immune response to bacterial flagellin 776 

is mediated by Toll-like receptor 5. Nature 410, 1099–1103. doi:10.1038/35074106 777 

Hu, B., Morado, D.R., Margolin, W., Rohde, J.R., Arizmendi, O., Picking, W.L., Picking, W.D., 778 

Liu, J., 2015. Visualization of the type III secretion sorting platform of Shigella flexneri. 779 

Proc. Natl. Acad. Sci. 112, 1047–1052. doi:10.1073/pnas.1411610112 780 

Huang, P.-H., Chen, P.-Y., 2011. Design of a two-stage electromagnetic impluse force circuit for 781 

gene gun. J. Mar. Sci. Technol. 19, 686–692. 782 

Jarrell, K.F., McBride, M.J., 2008. The surprisingly diverse ways that prokaryotes move. Nat. 783 

Rev. Microbiol. 6, 466–476. doi:10.1038/nrmicro1900 784 

Josenhans, C., Suerbaum, S., 2002. The role of motility as a virulence factor in bacteria. Int. J. 785 

Med. Microbiol. 291, 605–614. doi:10.1078/1438-4221-00173 786 

Justice, S.S., Hung, C., Theriot, J.A., Fletcher, D.A., Anderson, G.G., Footer, M.J., Hultgren, 787 

S.J., 2004. Differentiation and developmental pathways of uropathogenic Escherichia 788 

coli in urinary tract pathogenesis. Proc. Natl. Acad. Sci. U. S. A. 101, 1333–1338. 789 

doi:10.1073/pnas.0308125100 790 

Kamp, H.D., Higgins, D.E., 2011. A protein thermometer controls temperature-dependent 791 

transcription of flagellar motility genes in Listeria monocytogenes. PLoS Pathog 7, 792 

e1002153. doi:10.1371/journal.ppat.1002153 793 

Kawagishi, I., Imagawa, M., Imae, Y., McCarter, L., Homma, M., 1996. The sodium-driven 794 

polar flagellar motor of marine Vibrio as the mechanosensor that regulates lateral 795 

flagellar expression. Mol. Microbiol. 20, 693–699. doi:10.1111/j.1365-796 

2958.1996.tb02509.x 797 

Kearns, D.B., 2010. A field guide to bacterial swarming motility. Nat. Rev. Microbiol. 8, 634–798 

644. doi:10.1038/nrmicro2405 799 



Page 32 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

32 

 

Kikkert, J.R., Vidal, J.R., Reisch, B.I., 2005. Stable transformation of plant cells by particle 800 

bombardment/biolistics, in: Methods in Molecular Biology. Humana Press Inc., Totowa, 801 

NJ, pp. 61–78. 802 

Kirov, S.M., Castrisios, M., Shaw, J.G., 2004. Aeromonas flagella (polar and lateral) are 803 

enterocyte adhesins that contribute to biofilm formation on surfaces. Infect. Immun. 72, 804 

1939–1945. 805 

Koirala, S., Mears, P., Sim, M., Golding, I., Chemla, Y.R., Aldridge, P.D., Rao, C.V., 2014. A 806 

Nutrient-tunable bistable switch controls motility in Salmonella enterica serovar 807 

Typhimurium. mBio 5. doi:10.1128/mBio.01611-14 808 

Kolter, R., Greenberg, E.P., 2006. Microbial sciences: The superficial life of microbes. Nature 809 

441, 300–302. doi:10.1038/441300a 810 

Konkel, M.E., Kim, B.J., Rivera-Amill, V., Garvis, S.G., 1999. Bacterial secreted proteins are 811 

required for the internalization of Campylobacter jejuni into cultured mammalian cells. 812 

Mol. Microbiol. 32, 691–701. doi:10.1046/j.1365-2958.1999.01376.x 813 

Konkel, M.E., Klena, J.D., Rivera-Amill, V., Monteville, M.R., Biswas, D., Raphael, B., 814 

Mickelson, J., 2004. Secretion of virulence proteins from Campylobacter jejuni is 815 

dependent on a functional flagellar export apparatus. J. Bacteriol. 186, 3296–3303. 816 

doi:10.1128/JB.186.11.3296-3303.2004 817 

Krukonis, E.S., DiRita, V.J., 2003. From motility to virulence: sensing and responding to 818 

environmental signals in Vibrio cholerae. Curr. Opin. Microbiol. 6, 186–190. 819 

doi:10.1016/S1369-5274(03)00032-8 820 

Lambert, C., Evans, K.J., Till, R., Hobley, L., Capeness, M., Rendulic, S., Schuster, S.C., 821 

Aizawa, S.-I., Sockett, R.E., 2006. Characterizing the flagellar filament and the role of 822 

motility in bacterial prey-penetration by Bdellovibrio bacteriovorus. Mol. Microbiol. 60, 823 

274–286. doi:10.1111/j.1365-2958.2006.05081.x 824 

Lauga, E., DiLuzio, W.R., Whitesides, G.M., Stone, H.A., 2006. Swimming in circles: motion of 825 

bacteria near solid boundaries. Biophys. J. 90, 400–412. 826 

doi:10.1529/biophysj.105.069401 827 

Lee, A., Hazell, S.L., O’Rourke, J., Kouprach, S., 1988. Isolation of a spiral-shaped bacterium 828 

from the cat stomach. Infect. Immun. 56, 2843–2850. 829 

Lee, Y.-Y., Patellis, J., Belas, R., 2013. Activity of Proteus mirabilis FliL is viscosity dependent 830 

and requires extragenic DNA. J. Bacteriol. 195, 823–832. doi:10.1128/JB.02024-12 831 

Lele, P.P., Hosu, B.G., Berg, H.C., 2013. Dynamics of mechanosensing in the bacterial flagellar 832 

motor. Proc. Natl. Acad. Sci. U. S. A. 110, 11839–11844. doi:10.1073/pnas.1305885110 833 

Lemon, K.P., Higgins, D.E., Kolter, R., 2007. Flagellar motility is critical for Listeria 834 

monocytogenes biofilm formation. J. Bacteriol. 189, 4418–4424. doi:10.1128/JB.01967-835 

06 836 

Lertsethtakarn, P., Ottemann, K.M., Hendrixson, D.R., 2011. Motility and chemotaxis in 837 

Campylobacter and Helicobacter. Annu. Rev. Microbiol. 65, 389–410. 838 

doi:10.1146/annurev-micro-090110-102908 839 

Li, G., Bensson, J., Nisimova, L., Munger, D., Mahautmr, P., Tang, J.X., Maxey, M.R., Brun, 840 

Y.V., 2011. Accumulation of swimming bacteria near a solid surface. Phys. Rev. E 84, 841 

041932. doi:10.1103/PhysRevE.84.041932 842 

Li, G., Tang, J.X., 2006. Low flagellar motor torque and high swimming efficiency of 843 

Caulobacter crescentus swarmer cells. Biophys. J. 91, 2726–2734. 844 

doi:10.1529/biophysj.106.080697 845 



Page 33 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

33 

 

Li, H., Sourjik, V., 2011. Assembly and stability of flagellar motor in Escherichia coli. Mol. 846 

Microbiol. 80, 886–899. doi:10.1111/j.1365-2958.2011.07557.x 847 

Lillehoj, E.P., Kim, B.T., Kim, K.C., 2002. Identification of Pseudomonas aeruginosa flagellin 848 

as an adhesin for Muc1 mucin. Am. J. Physiol. - Lung Cell. Mol. Physiol. 282, L751–849 

L756. doi:10.1152/ajplung.00383.2001 850 

Liu, Z., Miyashiro, T., Tsou, A., Hsiao, A., Goulian, M., Zhu, J., 2008. Mucosal penetration 851 

primes Vibrio cholerae for host colonization by repressing quorum sensing. Proc. Natl. 852 

Acad. Sci. 105, 9769–9774. doi:10.1073/pnas.0802241105 853 

Lovewell, R.R., Collins, R.M., Acker, J.L., O’Toole, G.A., Wargo, M.J., Berwin, B., 2011. Step-854 

wise loss of bacterial flagellar torsion confers progressive phagocytic evasion. PLoS 855 

Pathog 7, e1002253. doi:10.1371/journal.ppat.1002253 856 

Lovewell, R.R., Hayes, S.M., O’Toole, G.A., Berwin, B., 2014. Pseudomonas aeruginosa 857 

flagellar motility activates the phagocyte PI3K/Akt pathway to induce phagocytic 858 

engulfment. Am. J. Physiol. Lung Cell. Mol. Physiol. 306, L698–707. 859 

doi:10.1152/ajplung.00319.2013 860 

Lowe, G., Meister, M., Berg, H.C., 1987. Rapid rotation of flagellar bundles in swimming 861 

bacteria. Nature 325, 637–640. doi:10.1038/325637a0 862 

Magariyama, Y., Ichiba, M., Nakata, K., Baba, K., Ohtani, T., Kudo, S., Goto, T., 2005. 863 

Difference in bacterial motion between forward and backward swimming caused by the 864 

wall effect. Biophys. J. 88, 3648–3658. doi:10.1529/biophysj.104.054049 865 

Mahajan, A., Currie, C.G., Mackie, S., Tree, J., McAteer, S., McKendrick, I., McNeilly, T.N., 866 

Roe, A., La Ragione, R.M., Woodward, M.J., Gally, D.L., Smith, D.G.E., 2009. An 867 

investigation of the expression and adhesin function of H7 flagella in the interaction of 868 

Escherichia coli O157 : H7 with bovine intestinal epithelium. Cell. Microbiol. 11, 121–869 

137. doi:10.1111/j.1462-5822.2008.01244.x 870 

McSweegan, E., Walker, R.I., 1986. Identification and characterization of two Campylobacter 871 

jejuni adhesins for cellular and mucous substrates. Infect. Immun. 53, 141–148. 872 

Merino, S., Wilhelms, M., Tomás, J.M., 2014. Role of Aeromonas hydrophila flagella 873 

glycosylation in adhesion to Hep-2 cells, biofilm formation and immune stimulation. Int. 874 

J. Mol. Sci. 15, 21935–21946. doi:10.3390/ijms151221935 875 

Merritt, P.M., Danhorn, T., Fuqua, C., 2007. Motility and chemotaxis in Agrobacterium 876 

tumefaciens surface attachment and biofilm formation. J. Bacteriol. 189, 8005–8014. 877 

doi:10.1128/JB.00566-07 878 

Miao, E.A., Alpuche-Aranda, C.M., Dors, M., Clark, A.E., Bader, M.W., Miller, S.I., Aderem, 879 

A., 2006. Cytoplasmic flagellin activates caspase-1 and secretion of interleukin 1β via 880 

Ipaf. Nat. Immunol. 7, 569–575. doi:10.1038/ni1344 881 

Miao, E.A., Andersen-Nissen, E., Warren, S.E., Aderem, A., 2007. TLR5 and Ipaf: dual sensors 882 

of bacterial flagellin in the innate immune system. Semin. Immunopathol. 29, 275–288. 883 

doi:10.1007/s00281-007-0078-z 884 

Minamino, T., 2014. Protein export through the bacterial flagellar type III export pathway. 885 

Biochim. Biophys. Acta BBA - Mol. Cell Res., Protein trafficking and secretion in 886 

bacteria 1843, 1642–1648. doi:10.1016/j.bbamcr.2013.09.005 887 

Minamino, T., Imada, K., 2015. The bacterial flagellar motor and its structural diversity. Trends 888 

Microbiol., Special Issue: Microbial Translocation 23, 267–274. 889 

doi:10.1016/j.tim.2014.12.011 890 



Page 34 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

34 

 

Misselwitz, B., Barrett, N., Kreibich, S., Vonaesch, P., Andritschke, D., Rout, S., Weidner, K., 891 

Sormaz, M., Songhet, P., Horvath, P., Chabria, M., Vogel, V., Spori, D.M., Jenny, P., 892 

Hardt, W.-D., 2012. Near surface swimming of Salmonella Typhimurium explains target-893 

site selection and cooperative invasion. PLoS Pathog 8, e1002810. 894 

doi:10.1371/journal.ppat.1002810 895 

Mobley, H.L., Belas, R., Lockatell, V., Chippendale, G., Trifillis, A.L., Johnson, D.E., Warren, 896 

J.W., 1996. Construction of a flagellum-negative mutant of Proteus mirabilis: effect on 897 

internalization by human renal epithelial cells and virulence in a mouse model of 898 

ascending urinary tract infection. Infect. Immun. 64, 5332–5340. 899 

Moens, S., Vanderleyden, J., 1996. Functions of bacterial flagella. Crit. Rev. Microbiol. 22, 67–900 

100. doi:10.3109/10408419609106456 901 

Molofsky, A.B., Shetron-Rama, L.M., Swanson, M.S., 2005. Components of the Legionella 902 

pneumophila flagellar regulon contribute to multiple virulence traits, including lysosome 903 

avoidance and macrophage death. Infect. Immun. 73, 5720–5734. 904 

doi:10.1128/IAI.73.9.5720-5734.2005 905 

Morimoto, Y.V., Ito, M., Hiraoka, K.D., Che, Y.-S., Bai, F., Kami-ike, N., Namba, K., 906 

Minamino, T., 2014. Assembly and stoichiometry of FliF and FlhA in Salmonella 907 

flagellar basal body. Mol. Microbiol. 91, 1214–1226. doi:10.1111/mmi.12529 908 

Morimoto, Y.V., Minamino, T., 2014. Structure and function of the bi-directional bacterial 909 

flagellar motor. Biomolecules 4, 217–234. doi:10.3390/biom4010217 910 

Mukherjee, S., Kearns, D.B., 2014. The structure and regulation of flagella in Bacillus subtilis. 911 

Annu. Rev. Genet. 48, 319–340. doi:10.1146/annurev-genet-120213-092406 912 

Neal-McKinney, J.M., Christensen, J.E., Konkel, M.E., 2010. Amino-terminal residues dictate 913 

the export efficiency of the Campylobacter jejuni filament proteins via the flagellum. 914 

Mol. Microbiol. 76, 918–931. doi:10.1111/j.1365-2958.2010.07144.x 915 

Neal-McKinney, J.M., Konkel, M.E., 2012. The Campylobacter jejuni CiaC virulence protein is 916 

secreted from the flagellum and delivered to the cytosol of host cells. Front. Cell. Infect. 917 

Microbiol. 2. doi:10.3389/fcimb.2012.00031 918 

Ott, M., Messner, P., Heesemann, J., Marre, R., Hacker, J., 1991. Temperature-dependent 919 

expression of flagella in Legionella. J. Gen. Microbiol. 137, 1955–1961. 920 

Paul, K., Nieto, V., Carlquist, W.C., Blair, D.F., Harshey, R.M., 2010. The c-di-GMP binding 921 

protein YcgR controls flagellar motor direction and speed to affect chemotaxis by a 922 

“backstop brake” mechanism. Mol. Cell 38, 128–139. doi:10.1016/j.molcel.2010.03.001 923 

Poly, F., Ewing, C., Goon, S., Hickey, T.E., Rockabrand, D., Majam, G., Lee, L., Phan, J., 924 

Savarino, N.J., Guerry, P., 2007. Heterogeneity of a Campylobacter jejuni protein that is 925 

secreted through the flagellar filament. Infect. Immun. 75, 3859–3867. 926 

doi:10.1128/IAI.00159-07 927 

Pruzzo, C., Vezzulli, L., Colwell, R.R., 2008. Global impact of Vibrio cholerae interactions with 928 

chitin. Environ. Microbiol. 10, 1400–1410. doi:10.1111/j.1462-2920.2007.01559.x 929 

Ren, T., Zamboni, D.S., Roy, C.R., Dietrich, W.F., Vance, R.E., 2006. Flagellin-deficient 930 

Legionella mutants evade caspase-1- and Naip5-mediated macrophage immunity. PLoS 931 

Pathog 2, e18. doi:10.1371/journal.ppat.0020018 932 

Rinberg, D., Simonnet, C., Groisman, A., 2005. Pneumatic capillary gun for ballistic delivery of 933 

microparticles. Appl. Phys. Lett. 87, 014103. doi:10.1063/1.1951044 934 



Page 35 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

35 

 

Rossez, Y., Wolfson, E.B., Holmes, A., Gally, D.L., Holden, N.J., 2015. Bacterial flagella: twist 935 

and stick, or dodge across the kingdoms. PLoS Pathog 11, e1004483. 936 

doi:10.1371/journal.ppat.1004483 937 

Roy, K., Hilliard, G.M., Hamilton, D.J., Luo, J., Ostmann, M.M., Fleckenstein, J.M., 2009. 938 

Enterotoxigenic Escherichia coli EtpA mediates adhesion between flagella and host cells. 939 

Nature 457, 594–598. doi:10.1038/nature07568 940 

Saier, M.H., 2013. Microcompartments and protein machines in prokaryotes. J. Mol. Microbiol. 941 

Biotechnol. 23, 243–269. doi:10.1159/000351625 942 

Samuelson, D.R., Eucker, T.P., Bell, J.A., Dybas, L., Mansfield, L.S., Konkel, M.E., 2013. The 943 

Campylobacter jejuni CiaD effector protein activates MAP kinase signaling pathways 944 

and is required for the development of disease. Cell Commun. Signal. CCS 11, 79. 945 

doi:10.1186/1478-811X-11-79 946 

Sano, G., Takada, Y., Goto, S., Maruyama, K., Shindo, Y., Oka, K., Matsui, H., Matsuo, K., 947 

2007. Flagella facilitate escape of Salmonella from oncotic macrophages. J. Bacteriol. 948 

189, 8224–8232. doi:10.1128/JB.00898-07 949 

Sansonetti, P., 2001. Phagocytosis of bacterial pathogens: implications in the host response. 950 

Semin. Immunol. 13, 381–390. doi:10.1006/smim.2001.0335 951 

Serra, D.O., Hengge, R., 2014. Stress responses go three dimensional – the spatial order of 952 

physiological differentiation in bacterial macrocolony biofilms. Environ. Microbiol. 16, 953 

1455–1471. doi:10.1111/1462-2920.12483 954 

Smith, K.D., Andersen-Nissen, E., Hayashi, F., Strobe, K., Bergman, M.A., Barrett, S.L.R., 955 

Cookson, B.T., Aderem, A., 2003. Toll-like receptor 5 recognizes a conserved site on 956 

flagellin required for protofilament formation and bacterial motility. Nat. Immunol. 4, 957 

1247–1253. doi:10.1038/ni1011 958 

Sowa, Y., Hotta, H., Homma, M., Ishijima, A., 2003. Torque–speed relationship of the Na+-959 

driven flagellar motor of Vibrio alginolyticus. J. Mol. Biol. 327, 1043–1051. 960 

doi:10.1016/S0022-2836(03)00176-1 961 

Stecher, B., Hapfelmeier, S., Müller, C., Kremer, M., Stallmach, T., Hardt, W.-D., 2004. Flagella 962 

and chemotaxis are required for efficient induction of Salmonella enterica serovar 963 

Typhimurium colitis in streptomycin-pretreated mice. Infect. Immun. 72, 4138–4150. 964 

doi:10.1128/IAI.72.7.4138-4150.2004 965 

Stewart, M.K., Cookson, B.T., 2012. Non-genetic diversity shapes infectious capacity and host 966 

resistance. Trends Microbiol. 20, 461–466. doi:10.1016/j.tim.2012.07.003 967 

Stewart, M.K., Cummings, L.A., Johnson, M.L., Berezow, A.B., Cookson, B.T., 2011. 968 

Regulation of phenotypic heterogeneity permits Salmonella evasion of the host caspase-1 969 

inflammatory response. Proc. Natl. Acad. Sci. 108, 20742–20747. 970 

doi:10.1073/pnas.1108963108 971 

Stocker, B.A.D., 1949. Measurements of rate of mutation of flagellar antigenic phase in 972 

Salmonella typhi-murium. J. Hyg. (Lond.) 47, 398–413. 973 

Stocker, R., Seymour, J.R., 2012. Ecology and physics of bacterial chemotaxis in the ocean. 974 

Microbiol. Mol. Biol. Rev. 76, 792–812. doi:10.1128/MMBR.00029-12 975 

Sun, Y.-H., Rolán, H.G., Tsolis, R.M., 2007. Injection of flagellin into the host cell cytosol by 976 

Salmonella enterica serotype Typhimurium. J. Biol. Chem. 282, 33897–33901. 977 

doi:10.1074/jbc.C700181200 978 



Page 36 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

36 

 

Thibault, P., Logan, S.M., Kelly, J.F., Brisson, J.-R., Ewing, C.P., Trust, T.J., Guerry, P., 2001. 979 

Identification of the carbohydrate moieties and glycosylation motifs in Campylobacter 980 

jejuni flagellin. J. Biol. Chem. 276, 34862–34870. doi:10.1074/jbc.M104529200 981 

Thomas, D.D., Navab, M., Haake, D.A., Fogelman, A.M., Miller, J.N., Lovett, M.A., 1988. 982 

Treponema pallidum invades intercellular junctions of endothelial cell monolayers. Proc. 983 

Natl. Acad. Sci. U. S. A. 85, 3608–3612. 984 

Thomas, G., Burnham, N.A., Camesano, T.A., Wen, Q., 2013. Measuring the mechanical 985 

properties of living cells using atomic force microscopy. J. Vis. Exp. doi:10.3791/50497 986 

Tobe, T., Nakanishi, N., Sugimoto, N., 2011. Activation of motility by sensing short-shain fatty 987 

acids via two steps in a flagellar gene regulatory cascade in enterohemorrhagic 988 

Escherichia coli. Infect. Immun. 79, 1016–1024. doi:10.1128/IAI.00927-10 989 

Tomich, M., Herfst, C.A., Golden, J.W., Mohr, C.D., 2002. Role of flagella in host cell invasion 990 

by Burkholderia cepacia. Infect. Immun. 70, 1799–1806. 991 

Vigeant, M.A.-S., Ford, R.M., Wagner, M., Tamm, L.K., 2002. Reversible and irreversible 992 

adhesion of motile Escherichia coli cells analyzed by total internal reflection aqueous 993 

fluorescence microscopy. Appl. Environ. Microbiol. 68, 2794–2801. 994 

doi:10.1128/AEM.68.6.2794-2801.2002 995 

Wadhams, G.H., Armitage, J.P., 2004. Making sense of it all: bacterial chemotaxis. Nat. Rev. 996 

Mol. Cell Biol. 5, 1024–1037. doi:10.1038/nrm1524 997 

Watson, R.O., Galán, J.E., 2005. Signal transduction in Campylobacter jejuni-induced cytokine 998 

production. Cell. Microbiol. 7, 655–665. doi:10.1111/j.1462-5822.2004.00498.x 999 

Yao, J., Allen, C., 2007. The plant pathogen Ralstonia solanacearum needs aerotaxis for normal 1000 

biofilm formation and interactions with its tomato host. J. Bacteriol. 189, 6415–6424. 1001 

doi:10.1128/JB.00398-07 1002 

Yao, J., Allen, C., 2006. Chemotaxis is required for virulence and competitive fitness of the 1003 

bacterial wilt pathogen Ralstonia solanacearum. J. Bacteriol. 188, 3697–3708. 1004 

doi:10.1128/JB.188.10.3697-3708.2006 1005 

Young, K.D., 2006. The selective value of bacterial shape. Microbiol. Mol. Biol. Rev. 70, 660–1006 

703. doi:10.1128/MMBR.00001-06 1007 

Young, G.M., Schmiel, D.H., Miller, V.L., 1999. A new pathway for the secretion of virulence 1008 

factors by bacteria: The flagellar export apparatus functions as a protein-secretion system. 1009 

Proc. Natl. Acad. Sci. 96, 6456–6461. doi:10.1073/pnas.96.11.6456 1010 

Yu, X., Lund, S.P., Scott, R.A., Greenwald, J.W., Records, A.H., Nettleton, D., Lindow, S.E., 1011 

Gross, D.C., Beattie, G.A., 2013. Transcriptional responses of Pseudomonas syringae to 1012 

growth in epiphytic versus apoplastic leaf sites. Proc. Natl. Acad. Sci. 110, E425–E434. 1013 

doi:10.1073/pnas.1221892110 1014 

Zhang, D., Das, D.B., Rielly, C.D., 2014. Potential of microneedle-assisted micro-particle 1015 

delivery by gene guns: a review. Drug Deliv. 21, 571–587. 1016 

doi:10.3109/10717544.2013.864345 1017 

Zhao, X., Norris, S.J., Liu, J., 2014. Molecular architecture of the bacterial flagellar motor in 1018 

cells. Biochemistry (Mosc.) 53, 4323–4333. doi:10.1021/bi500059y 1019 

Ziprin, R.L., Young, C.R., Byrd, J.A., Stanker, L.H., Hume, M.E., Gray, S.A., Kim, B.J., 1020 

Konkel, M.E., 2001. Role of Campylobacter jejuni potential virulence genes in cecal 1021 

colonization. Avian Dis. 45, 549–557. 1022 

 1023 

1024 



Page 37 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

37 

 

 1024 

 1025 

Figure 1: Schematic of the structure of the bacterial flagellum. The figure is based upon the 1026 

model Gram-negative bacteria Esherichia coli and Salmonella enterica. During assembly, basal 1027 

body T3SS components unfold and export subunits of the rod, hook and filament for 1028 

incorporation at the cell-distal tip of the growing structure. Energy harvesting stator complexes 1029 

in the basal body interact with the torque-generating C-ring to bring about rotation of the 1030 

extracellular filament for motility. OM = outer membrane, PG = peptidoglycan layer and IN = 1031 

inner membrane. 1032 

 1033 

Figure 2: The role of flagella in reaching the host/target site. Bacteria have evolved systems 1034 

in conjunction with their flagella to sense their environment and move in favourable directions. 1035 

(a) Chemotaxis and directed swimming: pathogens use chemical gradients to navigate towards 1036 

optimal host sites for colonisation. One example is the gastric pathogen H. pylori, which uses 1037 

chemical gradients to selectively infect sites of existing tissue damage in the stomach. (b) Near 1038 

surface swimming: upon encountering surfaces, bacteria prolong swimming interactions at the 1039 

surface to facilitate target site selection. For instance, the intestinal pathogen Salmonella swims 1040 

along the surface of cells, where receptors or favourable niches for host entry are likely to be 1041 

encountered. (c) Mechanosensing: bacteria can sense when they have reached a desirable 1042 

location and trigger changes that help them remain there. The bacterium E. coli senses increased 1043 

viscosity (e.g. from protective mucus linings of hospitable tissues) to recruit additional stator 1044 

complexes to its flagellar motor and express more flagella for swarming towards host cells. 1045 

 1046 
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Figure 3: Roles of flagella in colonizing or invading. Different pathogens have a range of 1047 

interaction types with their hosts during the establishment and progression of an infection. (a) 1048 

Some organisms adhere to surfaces for replication, remaining in their planktonic forms while 1049 

others differentiate into biofilms. (b) Others secrete effector molecules to alter the host site. (c) 1050 

Some prefer to work their way through tissue structures seeking out deeper niches to inhabit 1051 

while still others chose to live inside host cells via phagocytosis (either within vacuoles or free-1052 

living in the cytosol).  1053 

 1054 

Figure 4: Changes in flagella to allow for growth and maintenance during infection. For 1055 

pathogenic bacteria to survive the eukaryotic host’s innate immune system and thrive, there are a 1056 

number of strategies employed. Some organisms, like Salmonella (A) alter their expressed 1057 

flagellin proteins regularly (phase variation) and then turn off their flagellar expression once they 1058 

have reaching the target site. Other organisms, like Helicobacter (B) or Campylobacter (C) alter 1059 

their flagellin protein structure to be unrecognizable to TLR5 (flagellin modification) or add 1060 

post-translational modification to flagellins to mask target sites (glycosylation), respectively. The 1061 

goal of these modifications is to modulate or avoid the host immune system to allow for a 1062 

productive infection. 1063 
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